Raman spectroscopy's D:G ratio is a well-known indicator of graphitic crystallinity in singlewall carbon nanotubes (SWCNTs) with widespread qualitative application to macroscopic CNT assemblies. Here, we show how the D:G ratio yields quantitative characteristic crystal length features that is remarkably independent of SWCNT chirality when purified SWCNTs are in a high density, heavily bundled textile form. Purified, unaligned, SWCNT films of enriched length distributions and controlled chirality responded in ways consistent with power law behaviour, where the D:G ratio is proportional to the fourth power of excitation wavelength, inversely proportional to SWCNT length, and fits to a master curve independent of electronic species concentration. This behaviour, matching the established response of graphite and graphene, unexpectedly persists despite complications from chirality-dependent resonances unique to SWCNTs. We also show that textiles comprising of aligned, long length CNTs defy these simple power laws until defective multiwall CNTs and impurities are removed post-process, and only if sample heating under the Raman laser is minimized. Adjusting the Raman laser beam diameter up to 6 mm, which is well beyond the average CNT length, we propose that the CNT textile's characteristic crystal length is the CNT length or, with point defects, the distance between point defects.
Introduction
Similar to graphitic intercalation compounds [1] and conductive polymers [2] , the electrical conductivity of textiles based on single wall carbon nanotubes (SWCNTs) is dependent on their crystallinity [3] [4] . Graphitic crystallinity, or the degree of order in the sp 2 lattice, is often gauged by considering the D to G ratio, a widespread metric in Raman spectroscopy that divides the intensity of the Raman D peak with the intensity of the Raman G peak. The G peak, centred at approximately 1580 cm -1 , is a prominent feature in graphitic materials and is related to the tangential vibration modes of sp 2 bound carbon atoms. The D peak is related to defects that break the translational symmetry in an sp 2 plane and is centred at approximately 1320 cm -1 , although its exact position is dependent on laser excitation wavelength [5] [6] [7] . D:G ratios vary considerably between different CNT materials. Many multiwall CNT based materials have D:G ratios ranging from 0.27 to 0.9 [8] [9], even after a graphitizing annealing (>2000°C) postprocess [10] . SWCNTs and double wall CNTs typically have better D:G ratios [3] [4] [11] . After a post-process purification, for example, double wall CNT textiles produced by our group experience an enhanced D:G ratio from 0.09 as-is to 0.01 purified (for 532 nm laser excitation) and from 0.12 as-is to 0.04 purified (for 785 nm laser excitation). These improved D:G ratios qualitatively indicate enhanced purity and crystallinity although by themselves do not shed light on physical parameters or the exact mechanism inducing the improvement.
In this report, we study the D:G ratios of highly purified, unaligned SWCNTs in a bulk film morphology where the average SWCNT length and electronic species concentration have been enriched by density gradient ultracentrifugation and are known. This results in a robust methodology for determining a characteristic crystal grain dimension in a bulk CNT textile, independent of the electronic species concentration and chirality dependent resonances. For graphite and graphene, this is an established technique where spatial grain characterization is more straightforward [7] and chirality dependent complexities are not a factor. For CNTs, systematic characterization of D:G against crystal grain length on isolated SWCNTs is scarce [12] [13] [14] and, until now, seemingly non-existent in heavily bundled, dense textile morphologies. Further, these past studies on isolated SWCNTs were composed of the standard uncontrolled, mixed electronic species. They showed chirality dependent behaviour where metallic SWCNTs and semi-conducting SWCNTs in the same film resonate at different Raman M A N U S C R I P T
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3 excitation wavelengths. This leads to a non-monotonic relationship between the D:G ratio and Raman excitation wavelength. In our dense SWCNT films of enriched electronic species concentration (predominately metallic, semi-conducting, and unsorted SWCNTs), we unexpectedly find that the D:G ratio dependence on wavelength is the same response known for graphite and graphene. Armed with this finding, we examine aligned CNT textiles made by our in-house reactor where there is less control on CNT length and electronic species concentration, although it may be manufactured on an industrial scale. We use a post-process purification step to improve the D:G ratio and find that the D:G response with wavelength resembles graphite or graphene only after the purification step.
We also investigated the effect of the excitation laser spot size on the D:G ratio. Typical laser spot sizes on Raman microscopes are at their largest tens of microns, which is substantially smaller than the average length of CNTs in our in-house manufactured textiles. We used a specially designed Raman probe that generates a 6 mm beam spot, considerably exceeding the average CNT length, to determine whether a larger relative spot yields a more accurate defect sampling and D:G value.
The intent of this report is to not expand on the origin of the D peak, but to better understand the circumstances making the Raman D:G ratio a more quantitative measurement for dense CNT textile manufacturing. In the following we will show: 1) For the dense CNT textiles considered here, the D:G relationship with excitation wavelength appears to be the same as the known relationship in graphite and graphene, with chirality or electronic species concentration never significantly affecting the D:G ratio.
2) The D:G ratio of dense SWCNT films with sorted electronic species concentrations and enriched SWCNT length distributions fit into a master curve independent of electronic nature. 3) This technique may be useful for the development of CNT textiles to probe characteristic crystal length, although only after sufficient purification. 4)
While not observed with the current CNT materials, a Raman laser spot larger than the average CNT length may eventually become necessary to accurately characterize a CNT textile. While the past forty years have seen practical utilization of D:G ratio characterization in many carbon types, the fundamental origin of the D peak has only relatively recently reached a mature understanding [5] [7] . A localised (∼3 nm) zone of sp 2 carbon around a graphene defect contributes the most to the D peak signal and not the defect itself [5] [7] [21] . As explained in [5] [7] and illustrated in figure 1a, this fact enables a simple geometrical derivation of (1) 2.2 Geometrical D:G extension to CNTs. Equation (1) primarily concerns graphite and graphene and their application to cylindrical CNTs is somewhat ambiguous. First, SWCNT absorption in the visible spectrum is governed by electronic transitions between van Hove singularities and this makes the Raman spectra chirality dependent. This is a feature unique to SWCNTs, which does not exist in graphite. One study [13] showed that D:G ratio decreases with wavelength, reaching a minimum at 620 nm (2 eV), and then increases. This non-monotonic behaviour was attributed to chirality-dependent effects where the metallic SWCNT fraction began to particularly resonate at smaller excitation wavelengths. Note, however, that this study was with SWCNTs isolated from each other using a DNA wrapping technique and not in the interacting bundled form found in textiles. Another early study [22] on bulk SWCNT films measured the D:G ratio against Raman excitation wavelength and also found a non-monotonic M A N U S C R I P T A C C E P T E D attributed to an increase in point defects and these point defects were shown to define CNT crystal grain boundaries [27] .
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In contrast, for large diameter multiwall CNTs and large SWCNT bundles where transport is governed by two spatial coordinates, point defects would possibly not serve as crystal grain boundaries ( Figure 1c ). This permits charge carriers to manoeuvre around point defects and this now enables a circumstance analogous to graphene's sparse defect situation, where the D peak contribution comes from point defects and not grain boundaries. A possible example would be our in-house produced CNT textiles where the laser spot (typically tens of microns) is significantly smaller than the average CNT bundle length (up to millimetres [28] ). Now, consider the case for an individual long CNT where the D peak contribution now comes purely from counting sparse point defects. Thus, For an n number of CNTs in an aligned array, for both the CNT endcap and sparse defect situations, the signal strength of both the D and G peaks scales with n. As a result, the derived D:G relationships are not changed by being in an aligned array. Thus, in a way that parallels the D:G derivation in graphite [5] [7] , there are three limiting D:G scenarios for CNTs: 1) CNT ends act as graphitic crystal grains boundaries and, depending on CNT diameter and size of the defect zone, either 2) point defects act as crystal grain boundaries too, or 3) point defects act as sparse contributors. In all three scenarios:
where C(λ) is to be determined and L is the characteristic length between crystal grain boundaries. When crystal grains are not significant in the material, such as when the laser spot is much smaller than the CNTs, we speculate that L becomes the average length between sparse defects. If the sparse defect situation is relevant in CNTs, it may be possible to see a sparse
defect dominant situation transform to a crystal grain dominant situation with a sufficiently large laser beam diameter (Figure 1d ).
Experimental Methods
3.1 Materials. This paper considers two sources of CNT textiles. The first source is freestanding, unaligned SWCNT buckypaper samples commercially obtained from NanoIntegris where the average SWCNT length and electronic species concentration is enriched and known. These SWCNT films were generated by the arc discharge process where the company reported purity levels of the final product generally were below 5% for amorphous carbon and 1% for iron catalyst by weight.
Three NanoIntegris unaligned SWCNT films of the typical unsorted variety were considered where their individual length distributions were: long length (1030 +/-667 nm), medium length (315 +/-100 nm), and short length (233 +/-67 nm). NanoIntegris altered the average SWCNT length by sonicating the SWCNTs in suspension and then measuring them with an automated Veeco DI EnviroScope atomic force microscope using standard techniques [29] . Histograms of the SWCNT length distributions are shown in supplemental information, figure S1.
Three other NanoIntegris SWCNT films were considered where density gradient separation [30] controlled the electronic species concentration with the following levels: a metal film (95% metallic SWCNTs (average length 763 +/-473 nm), a semi-conducting film (99% semiconducting SWCNTs, average length 906 +/-467 nm), and a chiral film (99% semi-conducting SWCNTs of predominantly one chirality, same length distribution expected as the previous film). Metallic SWCNT enrichment was measured with calibrated UV/vis absorption spectroscopy. The calibration was accomplished according to [31] where the absorption signal was associated with directly counting CNTs with a bandgap. For the chiral film, the exact concentration of the chiral enrichment is unknown. Qualitatively, however, its absorption peaks in the UV/vis absorption spectrum are substantially more narrow and defined relative to the un- The other material considered, a freestanding textile composed of roughly aligned, long length
CNTs, was made in-house using the floating catalyst chemical vapour deposition process. The process is described elsewhere [28] , although briefly ferrocene, thiophene, and a carbon source (such as toluene or n-butanol [32] ) are vaporized and injected into a 1300°C tube furnace with hydrogen carrier gas. This results in CNT formation in a floating aerogel. The aerogel is directly pulled out of the reactor by mechanical means where the speed of extraction dictates the degree of internal microstructure alignment. The precise length of these CNTs is not known, although some transmission microscopy studies indicate they approach and are no longer than 1 mm [28] .
This internal length is significantly longer than the NanoIntegris material, as well as the laser spot size from typical Raman microscopes. Note that these textiles have more impurities than the NanoIntegris material. Amorphous or oligomeric carbons are typically ∼10% of the total weight and catalytic impurities are typically 5-15% of the total weight as measured by thermogravimetric analysis. Scanning electron microscopy and transmission electron microscopy shows the bundles and micro-structure (See supplemental information, figures S6 to S14). Bundles of double wall CNTs and SWCNT are present as directly observed and indicated by electron diffraction analysis in the microscope. This is also substantiated by the radial breathing modes in the Raman spectra (See supplemental information, figure S16 ). Also shown in the microscopy are larger, malformed multiwall CNTs and other disordered carbons that were common in the assembly. As described in the supplemental information figure S15, polarized Raman spectroscopy did find anisotropy in the as-is textile and this suggests microstructure alignment.
The intensity of the G peak increased a factor of three as both the Raman excitation laser polarisation and the analyser of the Raman scattered light changed from perpendicular to parallel to the spinning direction.
We purified our in-house CNT textiles with a post-process purification that will be described in another report. As observed by scanning electron microscopy (See supplemental information, M A N U S C R I P T
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figures S6 to S9), the purification results in the selected removal of multiwall CNTs and other malformed carbon structures, and leaves behind highly aligned, predominantly double wall CNT bundles. This is substantiated in transmission electron microscopy by the dramatic removal of carbon species that are either irregularly shaped or have a large tubular structure with a core, as shown in the before and after pictures of figures S10 to S14 of the supplemental section. Electron diffraction analysis on individual CNTs not part of a bundle showed they were mostly double wall CNTs after purification. While the prevalence of the individual double wall CNTs are an indication of the whole, it cannot be guaranteed that the few walled CNTs shown in bundles are exclusively double walls too. These microscopy images show significant iron catalyst residue on the surface, and while this residue may be easily removed with wet chemistry techniques, the Raman measurements presented here were typically conducted without this step. As shown in the supplemental section figure S15, polarized Raman spectroscopy of the purified textiles shows considerable anisotropy of the G peak signal (a factor of ten) when measured parallel and perpendicular the spinning direction. As will be shown in the results section, the Raman D:G ratio improves significantly after the purification process, across all Raman excitation wavelengths, while the radial breathing modes are unaffected. This high degree of the crystallinity improvement is the initial motivation for this Raman study. The substantial suppression of the D peak and unaltered perseverance of the radial breathing modes is another indicator that the purification process removes multiwall CNTs and other malformed carbon structures, which are known to have substantially larger D peak signals than few walled CNTs.
There are other established methodologies for similar purification [33] [34] [35] [36] [37] . The point of this report is not the purification process itself, but the fact a high degree of graphitic crystallinity and species homogeneity may be required in CNT textiles before the λ 4 relationship applies and may be used to characterize the material.
Raman spectroscopy. Raman spectroscopy was primarily accomplished with a Bruker
Senterra Raman microscope with three laser lines: 532, 633, and 785 nm. The D:G ratio is a polarization-dependent quantity [7] and unless otherwise stated the lasers were depolarized.
Raman measurements were accomplished on five or more locations on a given material and, after normalizing to the G peak, yielded an average spectrum. The standard deviation between these points was used to calculate error bars. D:G analysis was accomplished by selecting the D:G spectrum region (∼1100 to ∼1700 cm -1 ) and applying a baseline correction in Opus M A N U S C R I P T
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software. To calculate the D:G ratio, simply selecting the D and G peak height intensities did not lead to meaningful trends. Instead, the D:G ratio was calculated by integrating the peak area.
Area integration is a better methodology for crystalline graphitic materials [21] and yielded consistent power law behaviour.
If not properly mitigated, sample heating under the laser caused reversible broadening of the G peak. This leads to an inaccurate D:G value and is an effect that has been observed before [38] [39] [40] . In the results section, we will show a proportionality between the D:G ratio and excitation wavelength to the fourth power, 
Results
Length enriched, unaligned SWCNT film. Now we discuss the results of the unaligned
NanoIntegris SWCNT film with different length distributions. As shown with the three different wavelengths, the D peak gets taller and wider with the laser wavelength in a simple, monotonic fashion. The G peak, on the other hand, has a substantially different structure between excitation wavelengths and, in particular, becomes broader for the 633 nm excitation. Similar broadening of the G peak with different wavelengths has been seen before in SWCNT films [22] . The radial breathing modes, which are chirality dependent effects unique to CNTs, also are shown to depend on wavelength. These chirality dependent effects are present in all the materials considered (See supplemental information, figures S16 to S22).
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Considering that 1) chirality resonant effects are present, and 2) a seemingly non-monotonic G peak relationship exists with wavelength, at this point a simple D:G ratio relationship with
Raman excitation wavelength seems unlikely. Figure 3 shows the D:G values of all three unsorted films, plotted against excitation wavelength to the fourth power, λ 4 . As shown there is good linear proportionality between these parameters, which is the same response as graphite and graphene [5] [7] [18] . We observe that the films of shorter SWCNTs yield higher slopes, which is a negative correlation with length as predicted by To further access the validity of equation (2), we plot D:G λ -4 versus the inverse of CNT length to collapse all the depicted curves into a single master curve ( Figure 5 ). The same approach was taken with characterizing nano-crystalline graphite [18] , as depicted. Indeed, a master curve is generated showing SWCNT adherence to equation (2) with proportionality to λ 4 , within the margin of error.
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Figure 5|
A master curve of the unsorted SWCNT films incorporating all D:G values, lengths, and wavelengths. As a reference, the published master curve for nano-crystalline graphite is provided [18] .
Electronic species controlled, unaligned SWCNT films.
For the metallic, semi-conducting, and chiral films, figure 6a shows the same λ 4 proportionality as we found for the unsorted, length enriched films. Further, the metallic SWCNTs have the largest slope, which is expected because they have the shortest length. Figure 6b plots their D:G ratios with the master curve.
Surprisingly, despite their distinct electronic species concentrations, we find these materials also reside on the unsorted SWCNT master curve within the margin of error. This is particularly noteworthy for the metallic SWCNTs, which are typically known to have higher D:G ratios [7] .
This suggests that in a bulk state, electronic species concentration plays less of a role in the D:G ratio dependence on length and wavelength. As methods develop to generate films with tighter CNT length tolerances, the universality and applicability of these master curves may be better Looking at the alignment enhancement between the as-is and purified material (supplemental information, figures S6 to S9), the as-is material's poor linearity and non-zero intercept could be assigned, at first glance, to lack of good microstructure alignment. The D peak after all is a polarization sensitive signal. Note however, that the Raman laser and collection back to the detector were both unpolarised. More importantly, good adherence to λ 4 was demonstrated by the completely unaligned SWCNT films above. The as-is material's poor linearity and non-zero intercept could also be assigned to sample heating and broadening of the G peak, although this is not the case. We verified we were operating with the lowest practical fluence parameters that did M A N U S C R I P T
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19 not significantly alter the G peak width. We also took measures to increase thermal contact with the underlying aluminium substrate; this too did not help.
Considering that the purified material does follow λ 4 , we assign the as-is non-compliance to the presence of the multiwall CNTs and disordered carbons that was present in the transmission electron microscopy (See supplemental information, figures S6 to S14). This is consistent with our observation (not shown) that the absolute Raman signal magnitude of the purified material is approximately four times that of the as-is material; it has been established that pure graphitic, sp 2 materials have substantially larger Raman cross section than carbon materials with an sp 3 component [7] . In addition, for disordered carbons, the D:G ratio wavelength relationship in general is complex, non-monotonic, and depends greatly on the disordered carbon's exact nature (for example, the degree of hydrogenation and the sp 2 to sp 3 ratio) [19] . Thus, the presence of disordered carbons explains why the as-is material does not follow the λ 4 dependence.
Purified material does show proportionality between the D:G ratio and λ 4 . If we take their slopes and apply them to the master curve for the unaligned SWCNT films, the standard purification procedure yields an average characteristic length of 1.6 µm and 2 µm. Considering that the CNTs themselves are significantly longer than these values, this implies that point defects are indeed acting as crystal grain boundaries. Use of this master curve should be made with caution as we do not fully understand its universality, although at this stage it appears independent of electronic species concentration.
Large laser spot.
Using typical microscope objectives, the Raman spectrometer's laser spot is substantially smaller than the average CNT length in our aligned textiles. This implies that the contribution to the D peak signal from CNT ends are not being adequately sampled and this may become problematic as the push to higher conductivity leads to greater CNT lengths with greater graphitic crystallinity. One solution is to simply use a Raman laser beam much larger than the CNT length. This could be accomplished by taking Raman measurements out of focus, although this very quickly leads to weak and unusable Raman signals and we found this did not lead to reliable results. Another possible solution to generate a larger spot is to collect spectrums over many smaller spots, using a commonly applied automated mapping feature, and add the absolute value of the spectra together. Typically, only relative or normalized features in Raman spectra M A N U S C R I P T
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are considered and, in practice, adding together absolute valued spectra could be problematic because they are more sensitive to instrument and atmospheric perturbations [8] .
Instead of a mapping approach or using an out of focus laser beam, we used a specially designed
Raman system with a millimeter scale laser spot. This is a laser diameter well beyond the CNT length in our textile and to the best of our knowledge has not been applied to address the issue of adequate sampling of CNT ends or caps in CNT textiles. Figure 8 shows representative, large spot size spectra for a 785 nm excitation on two materials: 1) the as-is aligned CNT textiles, and 2) after the post-process purification. In addition to the large spot size spectra, there are also two spectra taken with the 4x microscope objective with different laser fluences. As shown, while there is some noise, the D peaks from the various spot sizes coincide without significant deviation. This implies that the laser spot size from the 4x objective adequately samples the defects in these CNTs.
Spot size however does appear to affect the width of the G peak. The spectra with the highest fluence has the greatest G peak width while the spectra from the large spot size, with about thirty thousand times smaller fluence, has the lowest G peak width. Fluence based broadening of the G peak is known to originate from heating [40] and highlights that proper D:G calculation requires sufficient mitigation of Raman laser heating effects.
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Figure 8|
Raman spectra of the 6 mm wide laser spot with the 785 nm laser line for a, the as-is aligned CNT textile and b, this material after purification. For comparison, spectra from the 4x objective are also provided. Note that these CNTs are known to approach ∼1 mm in length, which is far longer than the diameters of typical Raman laser spots.
At this point in material development, the large 6 mm spot size does not yield inherently different Raman spectra than the smaller objectives. A possible explanation is that CNT point defects and CNT end caps have a similar Raman response for CNTs of small diameters. If these long length CNTs textiles could be made nearly defect free such that the CNT ends were the primary source of the D peak signal, then accurate measuring of the D:G value may require a Raman laser spot substantially larger than the SWCNT length. 
